Conclusions:
These findings enhance the limited literature studying the association of 26 magnesium and potassium with bone density and demonstrate that further investigation is 27 warranted into the mechanisms involved and the potential protective role against osteoporosis. 28
INTRODUCTION 29
A multitude of factors are known to influence bone health, including modifiable factors such 30 as diet, physical activity, and smoking, but also age, sex, and genetics (1) . Osteoporosis, 31 characterised by bone loss due to deterioration of bone microarchitecture and consequent 32 increased risk of fracture, is significantly associated with age and thus represents a major 33 public health concern for our ageing population (2) . Calcium and vitamin D have traditionally 34 been the primary nutritional candidates for osteoporosis prevention and maintenance of bone 35 health (3), but more recently magnesium intake has also been linked with bone mass, and 36 magnesium deficiency with osteoporosis (4) (5) (6) (7) (8) . Magnesium is a major component of bone, 37 with 67% of total body magnesium found there (9) . Animal studies have suggested a number 38 of mechanisms for involvement of magnesium in bone metabolism including: nitric oxide 39 dependent effects on osteoblast activity and osteoclast number (10) ; influence of magnesium 40 on hydroxyapatite crystal formation and consequent bone stiffness (11) ; regulation of calcium 41 homeostasis through parathyroid hormone, 1,25-dihydroxyvitamin D, and magnesium-42 dependent calcium channels (9) ; and altered inflammatory cytokine release (12) . Similarly, 43 recent epidemiological studies have associated lower dietary potassium intake with poorer 44 bone density (5, 6, 8, 13) . Increasing potassium intake increases urinary retention, reducing 45 loss of calcium and thus creating a more positive calcium balance and inhibiting bone 46 resorption; urinary loss of phosphorus also decreases, which inhibits renal synthesis of 1,25dihydroxyvitamin D and cuts intestinal absorption of calcium, stopping the positive calcium 48 balance persisting (14) . Occurrence of this stabilisation has recently been disputed, although 49 potassium source differences may be the cause of the discrepancy between studies (15) . 50
51
When considering the dietary association of magnesium and potassium with bone health it is 52 most appropriate to study these minerals concurrently as they are frequently consumed 53 together from intact or moderately altered plant or animal tissues (16) . Metabolism of 54 magnesium and potassium are linked as magnesium is required for effective Na + /K + -ATPase 55 pump function (17) , magnesium and potassium have additive effects in preventing increase in 56 9 significant in individual analyses. The individual hypotheses tested in this study have been 144 grouped into families of tests (Supplemental Table 1 ), allowing the significance of 145
individual p values to be determined in comparison to a Bonferroni-generated family-wise 146 critical p value. 147 148 Due to the high degree of collinearity between magnesium and potassium dietary intakes 149 (Pearson r=0.84 and r=0.82 in men and women, both p<0.001) and thus the potential for 150 statistical issues, and any independent effects to be diminished, a summation of magnesium 151 and potassium intake was used as the main exposure; however, since the amounts of each 152 mineral consumed varies widely, both minerals were standardised before summation, 153 resulting in a Mg+K z-score intake variable (5) . 154
155
Univariate linear regression was used to estimate the association of selected biological, 156 lifestyle and dietary factors with sex-specific quintiles of dietary magnesium, potassium, or 157
Mg+K z-score intake. Multivariable regression with ANCOVA was used to investigate 158 differences in calcaneal BUA across sex-specific quintiles of dietary magnesium, potassium, 159 or Mg+K z-score intake. An adjusted model was tested, correcting for the potential effects of 160 biological (age, BMI, family history of osteoporosis, menopausal status, HRT status, 161 corticosteroid use), lifestyle (smoking status, and physical activity) and dietary factors 162 (calcium intake (29, 30), total energy intake (31), and calcium and vitamin D supplement use, 163 previously shown to influence bone ultrasound measurements in this population (22, 32) . 164
Participants were excluded from analyses if they had missing values for any variables 165 included in the multivariate model (n=1672, 41.8%). In a similar way, differences in calcaneal 166 suggests 0.7-1.0 mmol/L should be used as a normal reference range (33) . Concentration 169 groups were categorised as <0.7 mmol/L (group 1, deficient), 0.7-0.8 mmol/L (group 2), 0.8-170 0.9 mmol/L (group 3), 0.9-1.0 mmol/L (group 4), and >1.0 mmol/L (group 5, excess). 171 172 Prentice-weighted Cox regression was used to investigate associations between incidence of 173 fractures and sex-specific quintiles of dietary magnesium, potassium, or Mg+K z-score intake. 174
An unadjusted model without covariates was tested followed by a model adjusting for the 175 aforementioned variables. The full case-cohort dataset described above, including the random 176 subset and all fracture cases, was used for these analyses. Participants were excluded from 177 analyses if they had missing values for any variables included in the adjusted model. For 178 analysis of specific-site fracture risk (hip, spine, or wrist) other fracture data were excluded 179 from the analysis unless contained in the subcohort, in order to retain a distinct control group. 180
Total risk of hip spine or wrist fracture was calculated as the risk of an individual having one 181 of these types of fracture. This total does not include multiple fractures and therefore the 182 specific-site fracture incidences described may not sum to the total. The association between 183 incidence of fractures and sex-specific groups of serum magnesium concentration was 184 investigated, using the same covariates, but excluding dietary factors in the adjusted model. 185
RESULTS

186
Descriptive statistics 187
Selected characteristics are summarised in Table 1, for men and women, as mean values ± SD,  188 or frequency and percentage for categorical variables. There were 968 men and 1360 women 189 in the ultrasound cohort population with information for all selected variables; in the fracture 190 case-cohort there were data for 1958 men and 2755 women. The mean age was 63.0 ± 9.3 for 191 men and 61.7 ± 9.2 for women in the ultrasound cohort; in the fracture case-cohort mean age 192 at baseline was 59.7 ± 9.6 for men and 59.8 ± 9.5 for women. Mean BMI was 26. Mean total daily energy intake was 2263 ± 478 kcal for men and 1732 ± 374 kcal for women 196 in the ultrasound cohort; in the fracture case-cohort mean intake at baseline was 2239 ± 514 197 kcal for men and 1683 ± 385 kcal for women. Mean magnesium intake was 329 ± 92 mg/day 198 for men and 277 ± 72 mg/day for women in the ultrasound cohort; in the fracture case-cohort 199 mean intake at baseline was 321 ± 92 mg/day for men and 265 ± 73 mg/day for women; these 200 values are slightly higher than the UK Reference Nutrient Intake (RNI) of 300 mg and 270 201 mg (34), respectively. Mean calcium intake was 925 ± 282 mg/day for men and 782 ± 247 202 mg/day for women in the ultrasound cohort; in the fracture case-cohort mean intake at 203 baseline was 914 ± 296 mg/day for men and 762 ± 253 mg/day for women; these values are 204 also higher than the UK RNI of 700 mg for all adults over 19 years old (34). Calcium 205 supplements were used by 1.5% of men and 7.2% of women in the ultrasound cohort, and by 206 Figure 1) . 242
No p values were below the Bonferroni-adjusted family-wise critical value (Supplementary 243 Table 1 ). 244
245
Associations between serum magnesium groups and bone density 246
Analysis of bone density measures according to serum magnesium concentration groups, 247 adjusting for all covariates previously described, with the exception of dietary factors, showed 248 no significant differences in BUA in either men or women (see Figure 1 and Supplemental 249 Table 1 This study has shown significant associations between combined dietary magnesium and 283 potassium intake and a quantitative measure of bone density, with significantly higher 284 calcaneal BUA evident in women in the highest versus lowest Mg+K z-score intake quintiles 285 of these micronutrients, after adjustment for important biological, lifestyle and other dietary 286
covariates. Furthermore, risk of hip fracture in both women and men was significantly 287 reduced in specific higher Mg+K intake quintiles compared to the lowest. We believe this 288 study is also the first to show lower total risk of hip, spine, or wrist fracture for men with a 289 clinically normal serum magnesium concentration compared to those classed as deficient. 290
However, while each of the described associations was significant individually, no significant 291 associations were evident after adjusting for multiple-testing. 292
293
The mechanisms by which magnesium and potassium may influence bone metabolism are not 294 fully understood, although a number of theories have been proposed. Insufficient magnesium 295 results in an increased rate of hydroxyapatite formation, resulting in larger crystals and thus 296 lower bone mass and brittle bones which may be unable to support normal loads. Magnesium 297 also has an effect on osteoblast activity and osteoclast number through a nitric oxide 298 dependent mechanism (10), and both magnesium and potassium affect bone metabolism 299 through altered calcium homeostasis via influences on calcium transport and urinary retention 300 (9, 10, 14) . A number of other studies investigating associations between magnesium and 301 potassium and bone health, either individually or in combination, have demonstrated some 302 degree of improvement with higher intake (4-7, 13, 19, 20) , and thus the results presented 303 here largely corroborate these findings. However, a recent USA study (7) of post-menopausal 304 women found no difference in relative risk of hip and total fractures across quintiles of 305 magnesium intake. Conversely, high magnesium intake (≥422.5 mg/day) was associated withincreased falls and wrist or lower-arm fractures (7) . By contrast, our analyses show significant 307 reduction in hip fracture risk with moderately high (206-442 mg/day; quintile 4) combined 308 magnesium and potassium intakes, and no significant increases in risk of wrist fracture in 309 either men or women in fully adjusted models, although it is acknowledged that the 95% 310 confidence intervals for wrist fracture risk are wide. Differences between the population 311 groups in the two studies with respect to genetics, demographic lifestyle, the range of 312 magnesium intakes, and dietary analysis methods (Orchard et al (7) used FFQs) may explain 313 the discrepancy (27, 35) . Also the Orchard study (7) did not present their results adjusted for 314 potassium and energy, although they stated that potassium did not modify the associations 315 between magnesium and fracture risk. 316
317
The magnitude of the differences seen here is similar to data published by other authors. 
Strengths and Limitations 343
In the UK, dietary intake of magnesium is mainly provided by fruit and vegetables, cereals, 344 and beverages; potassium is provided by dietary fruit and vegetables, meat, potato, and 345 savoury snacks (40). Accurate estimation of dietary nutrient intake is critical to the findings of 346 this type of study. The methodology used here of quantitative 7-day food diaries has been 347 validated previously and is expected to have provided more precise dietary intake figures 348 compared to FFQs or 24-hour recall methods (27) . Indeed previous UK EPIC analyses have 349
shown correlations between potassium intake estimated from food diary data and 24 hour 350 potassium excretion were significantly greater than for FFQ or 24-hour recall (41). It is 351 reasonable to assume that this validity would also translate to magnesium. The strong 352 collinearity between dietary intake of magnesium and potassium, a likely consequence of 353 magnesium rich food typically also being rich in potassium, makes it difficult to differentiate 354 individual effects of these nutrients on bone density. Other studies have considered this to 355 varying degrees, but an appropriate compromise is achieved by presenting data usingstandardised magnesium and potassium intakes which have been combined and re-357 standardised (5), thus the inclusion of this data analysis is a strength of this work. Previous 358 use of this methodology was confined to analyses of BMD measures alone (5), making our 359 additional longitudinal analysis of fracture risk valuable. Hospital admission data was used to 360 determine fracture incidence and it is acknowledged this may underestimate incidence, 361 particularly for spine fractures, and could differ between sexes. We used a subset of the EPIC-362
Norfolk dietary data and, in order to reduce the potential for bias, included randomly selected 363 participants from the cohort. Magnesium and potassium dietary data were derived from food 364 intake only, and therefore may underestimate total nutrient intakes, although supplements 365 consumed by this cohort provide a relatively small contribution to mineral intakes (42); we 366 included calcium and vitamin D supplement use in our models nevertheless. We acknowledge 367 that mineral contributions of drinking and bottled water may be imprecise due to varying 368 concentrations not detailed sufficiently in food composition tables. Although this 369 observational study cannot show causality in effects, this report is, to our knowledge, the first 370 to provide analysis of bone quality and fracture risk by magnesium serum concentration 371 groups in addition to dietary intake in a general population of both men and women. 372
373
Conclusions 374
This study has positively associated dietary magnesium and potassium intake with a 375 quantitative ultrasound measure of bone density status and reduced fracture risk in a mixed 376 UK population group of men and pre-and post-menopausal women. These results thus 377 support policies to promote a good quality diet with sufficient magnesium and potassium 378 intake. Clinically normal serum magnesium concentration, compared to suboptimal 379 concentration, has also been shown to be associated with reduced risk of incident fracture in 380 men. Further study will be required to determine how generalisable the results of theseanalyses are, and to fully understand the relationship between intake of these micronutrients, 382 bone health, and osteoporosis. 383
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